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Abstract 
 
Tar is a viscous black liquid derived from pyrolysis of organic matter 
and a complex mixture of hydrocarbons. The presence of tar in the 
product gas may cause blockage and corrosion of equipments and be 
responsible for fouling or reducing overall efficiency of processes. By far, 
tar removal is the most problematic during biomass gasification. Hence, 
a successful implementation of gasification technology for gas engines, 
gas turbines or fuel cells based power projects depend much on the 
effective and efficient removal or conversion of tar from the product gas. 
Beside that, the catalytic steam reforming tar is one of the most 
promising methods to suppress the problems. The biomass product gas is 
usually low calorific value; therefore, an enhancement of the product gas 
quality is other important target. We propose a research topic that to 
utilise nickel–loaded brown coal char as a new catalyst for decomposing 
tar from biomass gasification in a fluidized bed gasifier. The method is 
promising to get benefits from the use of low rank coal char as a catalyst 
support material, a high catalyst activity of nickel and an enhancement 
of product gas quality. In this study, yallourn brown coal has been 
selected to prepare the catalyst support. The coal that is a low rank with 
high moisture content, a low heat value and high oxygen content is hard 
to use for generating energy. However, it has a lot of outstanding features 
such as less ash and sulfur content, and with abundant of 
oxygen–containing functional groups such as carboxyl and phenol groups 
which are available for ion–exchange with metals. In this study, the 
nickel–loaded brown coal char (Ni/BCC) was prepared by an 
ion–exchange method, dried at 380 K in nitrogen for 24 h, and then 
pyrolysed at 923 K in nitrogen for 90 min. The works have been carried 
out is the use of the Ni/BCC catalyst to decompose tar in pyrolysis and 
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steam gasification processes. The experiments were performed on a 
two–stage fixed–bed reactor and a laboratory–scale fluidized–bed gasifier 
under mild conditions (temperatures, steam, space velocities, operation 
time). Inside of the gasifier was constructed by two beds, the primary one 
is a fluidized bed with sand, and the second one is a catalyst bed. The 
Ni/BCC catalyst has shown high catalytic activity and stable activity and 
given the high quality of the product gas. In the presence of steam, 
approximately 90% of biomass tar was decomposed and useful gas 
components (CH4, CO, and H2) yields were higher than those of a 
conventional Ni/Al2O3 catalyst. The Ni/BCC catalyst was characterized 
and exhibited a good dispersion of nickel particles, ultra–fine Ni less than 
15 nm and a large surface area (Approximately 350 m2/g). Moreover, at 
the end of its life span, the catalyst can be easily disposed by gasifying or 
burning the coal char, during which the energy value of the char support 
can be recovered. Further, the agglomerated nickel residues can be also 
used as functional materials for powder metallurgy and battery 
development. The general results suggest that the Ni/BCC catalyst offers 
a potential to be used as a high activity catalyst for steam reforming of 
tar in biomass gasification.  
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Chapter 1  
Introduction
 
 
 
 
 
 
1.1 ENERGY DEMAND AND SHARES 
 
 
Energy is a vital input for social and economic development of any 
nation. With increasing population and agricultural and industrial 
activities in almost nations, especially in the developing countries such 
as Vietnam, the demand for energy is more increasing (Figure 1.1). In 
recent years, due to the progressive depletion of conventional fossil fuels, 
renewable energy sources play an important role of energy shares. One of 
them, biomass is a quite important resource of renewable energy in rural 
areas of developing countries and it can be converted into available 
energy efficiently in gasification process. In which, the hydrogen–rich 
product gas from biomass gasification is believed to become a valuable 
energy source with natural carbon dioxide for Engine, Gas turbine and 
fuel cell.  
 
1.1-1 Energy Demand and Shares in the World  
The relationship between energy production and use and sustainable 
development has two important features. One is the importance of 
adequate energy services for satisfying basic human needs, improving 
social welfare, and achieving economic development in short, energy as a 
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source of prosperity. The other is that the production and use of energy 
should not endanger the quality of life of current and future generations 
and should not exceed the carrying capacity of ecosystems. 
With increasing energy demand as mentioned on above, energy 
needs to meet the efficient use of all energy resources. Figure 1.2 shows 
world total energy requirement during period 1970 to 2006 increases 
with all kinds of energy resources. In which, gas and biomass energy 
intensity is higher than others. Figure 1.3 with the same trends, Global 
primary energy demand in the Reference Scenario is projected to increase 
by 52% from 2003 to 2030, reaching 16.3 billion tones of oil equivalent 
(toe), even grow faster in period 2005 to 2030. Fossil fuels will continue to 
meet the overwhelming bulk of the world’s energy needs. The share of 
nuclear power goes down, while the share of renewable energy sources – 
including traditional biomass is projected to increase.  
 
 
 
Fig. 1.1 World Primary Energy Demand by Region in the Reference 
Scenario [1] 
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Fig. 1.2 Breakdown of world total energy requirement during period 1970 
to 2006 [2] 
 
   4 
 
Fig. 1.3 World Primary Energy Demand by Fuel in the Reference 
Scenario [1] 
Figure 1.4 the difference between the two scenarios is that one, C1, 
assumes a global phase-out of nuclear energy by 2100, whereas the other, 
C2, does not. In contrast with Figure 1 and 2, Figure 1.4 shows Fossil 
fuels annually get a diminishing contribution but biomass can make a 
large contribution to the future world’s energy supply by 2100. 
 
 
Fig. 1.4 Primary Energy shares, 1985-1990, and in scenarios C1 and C2 to 
2100 [3] 
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If we observe both energy demand and primary energy shares, 
biomass plays more and more important feature to contribute to energy 
development and requirement. In addition, the combustion of fossil fuels 
is responsible for most urban air pollution, regional acidification, and 
risks of human induced climate change. The use of nuclear power has 
created a number of concerns about the safety of nuclear installations, 
the storage and disposal of high–level radioactive waste, and the 
proliferation of nuclear weapons. The manufacturing of photovoltaic 
panels generates toxic waste. 
Efficient use of resources, clean conversion processes, and the timely 
development of inexhaustible supply options such as renewable forms or 
nuclear energy based on breeding or fusion are therefore the principal 
strategies for sustainable energy development. 
 
1.1–2 Energy Demand and Shares in Vietnam 
 In parallel with the strong economic growth in the past decades, the 
demand for energy use is also rapidly growing in Vietnam. Vietnam's 
electric power system caters to the country's resource endowment and 
geographic configuration. With water resources available in all three of 
the country's main regions, hydroelectric power was the dominant source 
of power generation from the late 1980s until recently. Thermal 
generation from coal adds base load capacity in the north. Thermal 
generation from offshore natural gas has been developed in the south 
since the late 1990s, adding to small amounts of oil fired thermal 
capacity. Total generating capacity on the system by the end of 2008 was 
15,864 GW. As showing in Table 1–1 with low scenario, the forecasts on 
energy demand reveal that the ultimate energy consumption in 2010, 
2015, 2020 and 2025 will be 106.6, 169.2, 227.3 and 349.4 TWh, 
increasing more than three times from 2010 to 2025. Therefore installed 
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capacity should be also increasing as the same with energy requirement. 
However, maximum installed capacity increase less than three times. 
These trends are same in the case of base scenario. In order to meeting 
the demand of energy utilization in the context of the challenges 
confronting energy supplies, especially gradual exhaustion of local fossil 
fuels, high price of oil and gas, more depending on the world price of 
energy, etc., the considerations to develop and exploit renewable/ clean 
energy resources are of really important in terms of economy, society, 
energy security and sustainable development.  
 
Table 1–1  
Electricity demand addressed in Master plan VI for the period 2006-2015 
with vision to 2025 [4,5] 
Year  2005 2010 2015 2020 2025 
Low scenario (TWh) 
- Produced power 
- Power for sale 
 
53 
45.6 
 
106.6 
91.9 
 
169.2 
146.8 
 
227.3 
216.4 
 
349.4 
308.5 
Max installed capacity (GW) 9.2 18.1 28.0 40.0 53.4 
Base scenario (billion kWh) 
- Produced power 
- Power for sale 
 
53 
45.6 
 
112.6 
97.1 
 
190.0 
164.9 
 
294.0 
257.2 
 
421.8 
381.4 
Pmax (million kW) 9.2 19.1 31.5 47.6 68.4 
 
 
In addition, recent scientific researches reveal that Vietnam is one 
of the countries to suffer the most from climate change and highly–risen 
sea water. 'Green' development is targeted not only to environment 
protection, but also to cope with climate change and to ensure the 
country's sustainable development. Moreover, Vietnam is a country 
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abundant in resources of renewable energy/ clean energy [13,14]. 
Renewable energy is a source of clean energy that could possibly replace 
fossil fuels and imported energies. And it also helps mitigate negative 
impacts on the environment. The contribution of renewable energy in 
balancing national energy and electrical energy development originated 
from renewable energy will help to ensure energy security and 
sustainable development. Additionally, renewable energy also plays an 
important role in developing rural electrification, generating electricity 
to the remote areas where electricity grid could not be reached, 
advancing towards the Government's targets of rural electrification. As 
an agricultural country, Vietnam has a high potential for biomass energy. 
Main types of biomass in Vietnam consist of firewood, wastes from 
agricultural plants, livestock wastes, urban wastes and other organic 
wastes. It can be converted into product gas for power generation, heat 
supplies, engine, fuel cell and etc. It is estimated that about more than 
50 million tons of biomass is generated every year from agricultural 
residues. However, so far only from 30-40% of biomass is used for energy 
purposes, mainly as fuel for cooking in house holds and small amount 
used for about 150 MWe electricity generations in 42 sugar mills [13].  
The remain biomass types as the surplus rice husks and paddy straw are 
disposed by direct burning in open heaps, which results in loss of energy 
as well as emission of various pollutants to the atmosphere. 
Beside that, the potential of using biomass gasification for heating 
in industry in Vietnam is also very high with many advantages compared 
to direct burning in the furnaces such as high efficiency energy 
conversion, less smoke pollution, widely application etc. Some major 
application could be recognized: 
• Small gasifier to use gas product for cooking stove in household 
• Central gasifier with larger scale to supply gas for cooking of one 
village 
• Using gasification of rice husk in small scale rice mill and use gas 
product for drying purpose in rice mill 
• Using gasification of rice husk or other biomass for brick kiln and 
ceramic kiln.  
In addition, biomass gasification is not a well known technique in 
Vietnam. Except for some recognized charcoal gasifier that used for 
public buses in remote area in Vietnam at around 1990, the gasification 
technology still is an unknown technique. In which, the key point for 
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success in biomass gasification application is reforming mostly tar 
formation from biomass pyrolysis. Therefore, this study expects to 
contribute a part of knowledge about tar removal to research and develop 
biomass gasification technologies.       
 
1.2 BIOMASS  
 
1.2-1 Biomass Sources and its Properties 
Biomass can be classified as plant biomass (woody, non–woody, 
processed waste, or processed fuel or animal biomass). Forestry 
plantations, natural forests, and natural woodlands supply most woody 
biomass. Non–woody biomass and processed waste are products or 
by–products of agro industrial activities. The pathway to store energy in 
plant biomass come from light energy which is converted by 
photosynthesis into the chemical energy contained in the biomass 
components: 6 CO2 + 6 H2O + light → C6H12O6 (Hexose) + 6 O2. The 
inorganic materials, CO2 and water, are converted to organic chemicals, 
and oxygen is released. An early work by Pereira [20] concluded that the 
main components of biomass were total cellulose and lignin, in addition 
to extractives, water and mineral matter. Some organic biomass 
structure shows in Figure 1.5. In practical, biomass change properties 
with a wide range depend on types and sources of biomass. Its properties 
are shown in Table 1–2 [10] 
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Table 1–2  
Biomass properties 
Property Range 
Proximate analysis 
Humidity content (moisture)  
Calorific Value 
Volatile matter  
Fixed carbon 
Ash  
Ultimate analysis (by weight) 
Cellulose  
Hemi-cellulose (polysaccharides) 
Lignin 
Carbon 
Oxygen  
Hydrogen 
Alkali metal and inorganic element 
 
10 to 70% 
2 to 22 MJ/kg 
30 to 80% 
15 to 30% 
1 to 10 % 
 
30 to 50% 
20 to 40% 
5 to 30% 
40 to 50% 
38 to 43% 
5 to 7% 
1 to 15% 
 
In comparison with fossil fuels, most kinds of biomass has low lower 
heating value (LHV) which is around 20 MJ/dry kg (dry base) [6,8]. 
Biomass fuels are bulky and may have high water content. Fuel quality 
may be unpredictable, and physical handling of the material can be 
challenging. But technologies for biomass fuel upgrading (into pellets or 
briquettes, for example) are advancing, and the development of dedicated 
energy crops will also improve fuel standardization. In application 
processes and consideration benefit of end–use energy, water content in 
biomass is a very important factor, with increasing water content, feed 
energy for product gas is decreasing, and feed energy needed to dry 
biomass is increasing [6]. 
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Fig. 1.5 Chemical structures of some biomass components [6] 
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1.2–2 Thermal Biomass Conversion 
 
Biomass can be converted into useful forms of energy using a number 
of different processes such as physical, thermal, biochemical processes. 
What kinds of process should be use, it depends on the type and quantity 
of biomass feedstock, the desired form of the energy, end–use 
requirements, environmental standards, economic conditions and project 
specific factors [6, 15]. A number of researchers have reviewed that there 
are three main processes are used for the thermo–chemical conversion of 
biomass including pyrolysis, gasification, and combustion [15–19] (Figure 
1.6). Recently, extensive researches aiming to develop the renewable 
energy resources from biomass have been carried out [21–28], especially 
pyrolysis and gasification, which are particularly suitable for the 
utilization of biomass. 
Biomass pyrolysis can be described as the direct thermal 
decomposition of the organic components in biomass in the absence of 
oxygen to yield an array of useful products: liquid and solid derivatives 
and fuel gases. Eventually, pyrolysis processes were utilized for the 
commercial production of a wide range of fuels, solvents, chemicals, and 
other products from biomass feed stocks. Improvements continue to be 
made today to perfect the technologies. In which catalysts are expected to 
enhance the cracking reactions of the heavy molecules (tar) in pyrolysis 
products resulting in the production of lighter and less viscous bio–oil 
and to induce the reactions that involve the removal of the reactive 
oxygenated species, especially carbonyl compounds, leading to the 
production of bio–oil of higher heating values and better stability [29–32]. 
Biomass gasification produces fuel gas or product gas through the 
chemical conversion of biomass, usually involving partial oxidation of the 
feedstock in a reducing atmosphere in the presence of air, oxygen and/or 
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steam. It is one of the effective energy conversion methods for the 
utilization of biomass. The biomass gasification with air/steam can 
produce hydro–rich product gas, and it is a potential for the further 
importing technologies of product gas, such as fuel cell, synthesis of 
methanol and dimethylether [33–36].  
 
Peter McKendry has classified into three types of product gas has 
different calorific values (CV):  
Low CV 4–6 MJ=Nm3 Using air and steam/air 
Medium CV 12–18 MJ=Nm3 Using oxygen and steam 
High CV 40 MJ=Nm3  Using hydrogen and hydrogenation 
 
 
Low CV gas is used directly in combustion or as an engine fuel, while 
medium/high CV gases can be utilized as feedstock for subsequent 
conversion into basic chemicals, principally methane and methanol [36]. 
Therefore, gasification has attracted significant interest due to the 
higher efficiencies produced by these technologies either for small or 
large scale systems. However, tar elimination problem which has not 
been completely solved so far. This problem we will continue discuss in 
Section 1.3.   
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1.3 TAR AND TAR REMOVAL 
 
There are still many questions related to tar and the problems they 
may cause. Tar is a viscous black liquid derived from pyrolysis of organic 
matter and a complex mixture of hydrocarbons [9]. Various research 
groups are defining tar differently. In the EU/IEA/US-DOE meeting on 
tar measurement protocol held in Brussels in the year 1998, it was 
agreed by a number of experts to define tar as all organic contaminants 
with a molecular weight larger than benzene [7]  
 
 
 
 
Thermal 
Conversion 
Primary 
product 
Conversion Market 
Pyrolysis 
Gasification 
Combustion Heat 
Storage 
Storage 
Turbine 
Engine 
Boiler 
Charcoal 
Chemicals 
Electricity 
Heat 
Char 
Bio-oil 
Fuel gas Turbine 
Fig. 1.6 Schematic diagram of thermal biomass conversion processes  
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The presence of tar in product gas may cause blockage and corrosion 
of equipment and be responsible for fouling or reducing overall efficiency 
of processes. Tar is formed when biomass is heated the molecular bonds 
of the biomass break; the smallest molecules gaseous, the larger 
molecules are called primary tars. These primary tars, which are always 
fragments of the original material, can react to secondary tars by further 
reactions at the same temperature and to tertiary tars at high 
temperature [11, 12, 21, 37] Figure 1.7 show tar is quite complex and 
hard to decompose. By far, tar removal is the most problematic during 
biomass gasification. Hence, the successful implementation of 
gasification technology for gas engine/turbine based power projects 
depends much on the effective and efficient removal/conversion of tar 
from the producer gas. Up to now, a great amount of work concerning tar 
reduction or reforming has been reported with abundant technologies to 
Biomass 
 
Primary tar 
Secondary tars 
 
Tertiary tars 
Very fast/ low temperature, 673 K to 973 K 
(Acids, Ketoses, phenols, guaiacols, furans...) 
 
Fast/ everage temperature 973 to 1123K 
(Phenols, Monoaromatic, Hydrocarbons...)   
 
Slow/ high temperature 1123 to 2273 K 
(PAH: 2–ring, 3–ring, 4–ring, 5–ring, 6–ring) 
 
Original biomass chemical structures  
(Celluloses, lignin starches, hemicelluloses etc.) 
 
Fig. 1.7 Formation of biomass tars and compounds formed 
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remove tar from biomass product gas.  
J. Han, and H. Kim had divided tar removal methods into five 
groups: mechanical methods (using cyclone, filters ceramic), granular 
beds, Electrostatic precipitators and Scrubbers; self-modification, 
selecting optimal operation parameters for gasifier or using a low tar 
gasifier; Catalytic cracking; Thermal cracking and Plasma methods [21]. 
The review shows that the primary use of mechanism methods is to 
capture the fly ash or particles from product gas; the effect on tar 
removal is also very good. However, these methods only remove or 
capture the tar from product gases, while the energy in tar is lost. The 
self–modification and other methods can not only reduce the tar but also 
convert the tar into useful gases. The self–modification methods include: 
selecting better gasifer, and optimizing operation parameters. Tar 
reduced by modifying operation parameter is at the expense of reducing 
the heat value of gases. Catalyst cracking and thermal cracking are 
generally used to decompose or reduce tar though there are still some 
disadvantages. Plasma technology cannot only effectively remove fly ash, 
NOx and SO2, but also sharply decrease the formation of tar during 
biomass gasification.  In order to get highly efficient tar decomposition, 
the temperature of thermal cracking needs to be very high, which results 
in operating cost increase. Catalyst cracking can modify the composition 
of product gases at low temperature with high carbon conversion 
efficiency. Nevertheless, there still exists a short coming such as: the 
commercial Ni–based and alkali metal catalysts will be inactive by 
deposited carbon, and H2S. The newly developed novel catalyst can 
overcome the disadvantages by use of expensive metals (Co, Pt, Ru, Pd 
and Rh), and also catalyst supports (Al2O3, Al, SiO, TiO2, ZrO2, MgO or 
WO3) and perform tar removal with high and stable activity even under 
the presence of high concentration of H2S in some cases. In order to 
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satisfying both high and stable activity and good price, the development 
of catalyst meets the need to be continuing.   
 
1.4 CONCLUDING REMARKS 
 
As reviewed above, the research needs of conversion renewable 
primary energy resources such as biomass closely connected with the 
development of biomass pyrolysis and gasification processes are 
identification of tar problems. The study of decomposing tar shows high 
potential to contribute to: the efficient use of renewable energy resources 
in the world, in which, big amount of waste biomass in Vietnam, solving 
tar problems, developing new type of catalyst support. 
 
1.5 CONTENT OF DISSERTATION 
 
Research topic over viewed here are reordered and divided into five 
chapters in the following way.  
In chapter 1: a research overview of energy demand and shares in 
the world and in Vietnam, biomass sources and fundamental properties, 
tar properties, tar removal. Base on the previous work and the presently 
energy industrial demand, our research direction and outline are 
elucidated concisely. 
In chapter 2: a research background on nickel–base catalyst 
developments and metal loaded on coal char acts as catalyst reforming 
tars. By analyzed research results from previous researchers which are 
useful guidance for the current research objectives.   
In chapter 3: a nickel–loaded brown coal char catalyst has been 
investigated for the new purpose of decomposing tarry material from 
woody biomass pyrolysis. A suitable temperature for catalytic tar 
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decomposition was investigated in a two–stage fixed–bed reactor. Its 
catalytic activity was tested and evaluated by woody biomass pyrolysis in 
a fluidized–bed gasifier. About 2 h continuous tests were carried out to 
assess durability. Under the same experimental conditions, a 
conventional Ni/Al2O3 catalyst was also tested as the reference catalyst. 
Experiments are performed on a two–stage fixed–bed reactor and a 
laboratory–scale fluidized–bed gasifier (FBG). Inside of FBG reactor is 
constructed by two beds, the primary one is a fluidized bed with sand, 
and the other is a catalyst bed. The catalyst bed is used to evaluate and to 
compare catalytic activity between the new catalyst and conventional 
Ni/Al2O3 catalyst. The Ni/BCC catalyst is prepared by ion–exchange 
method, dried at 380 K in nitrogen for 24 h, and is then calcined at 923 K 
in nitrogen for 90 min. Sample for characterization of catalyst was 
prepared on the fixed–bed reactor under various conditions such as 
nickel loaded brown coal particle size range of 0.5 to 2 mm, pyrolysis 
temperature range of 823 to 1023 K that are needed to investigate the 
effect both of catalyst particle size and pyrolysis temperature on 
crystallite size of the Ni/BCC catalyst. The temperature as a function of 
gas yield are investigated in this chapter. 
In chapter 4: The aim of this chapter is to increase the coking 
resistance ability as well as steam gasifying deposited carbon to 
regenerate reactivity of the Ni/BCC catalyst. By the way, product gases 
have achieved a great enhancement of the product gas quality by not only 
recovering energy from tar but also addition product gas from steam 
gasification of the Ni/BCC char at relative low temperatures. To 
decompose tar of biomass gasification by the use of the Ni/BCC catalyst 
has been investigated under mild conditions in a laboratory–scale 
fluidized–bed gasifier with introducing steam as a gasifying agent and 
nitrogen as the product gas carrier. The conventional Ni/Al2O3 catalyst 
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also has been selected to compare with the Ni/BCC catalyst in the 
presence of steam.  
In chapter 5: Summary and conclusions, throughout the detail 
research and development Ni/BCC catalyst for decomposing tar from 
biomass gas. Furthermore, base on the change of gas yields at various 
operation conditions, the reaction temperature, the presence of steam, 
the space velocity, time on stream, etc. the gas yields were summed up 
synthetically by tendency, and it is expected to contribute to the 
industrial catalyst development.         
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Chapter 2 
Background  
 
 
 
 
 
 
2.1 CATALYST INTRODUCTION    
 
 
Due to the advantages of converting tar into useful gases and 
adjusting the compositions of product gases, catalyst cracking has been of 
interest since the middle 1980s. The simplified mechanism for the 
catalyst tar reforming can be described as follows [1–3]. First, methane or 
other hydrocarbons are dissociatively adsorbed onto a metal site where 
metal catalyzed dehydrogenation occurs. Water is also dissociatively 
adsorbed onto the ceramic support, hydroxylating the surface. At the 
appropriate temperature, the OH radicals migrate to the metal sites, 
leading to oxidation of the intermediate hydrocarbon fragments and 
surface carbon to CO + H2.  David [4] summarized the criteria for 
catalyst as follows: 
 
1. the catalysts must be effective in removing tar; 
2. if the desired product was syngas, the catalysts must be capable 
of reforming methane; 
3. The catalysts should provide a suitable syngas ratio for the 
intended process; 
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4. the catalysts should be resistant to deactivation as a result of 
carbon fouling and sintering; 
5. the catalysts should be easily regenerated. 
6. The catalysts should be strong; and 
7. the catalysts should be inexpensive. 
Moulijn J.A. [5] has classified main causes of the deactivation into 
five reasons that are poisoning, fouling, thermal degradation (sintering, 
evaporation) initiated by the often high temperature, mechanical damage 
and corrosion/leaching by the reaction mixture. The deactivation 
phenomenon inside a catalyst particle is described on Figure 2.1 [5]. 
Among them, thermal degradation reason often occurs during catalyst 
reforming tar at relative high temperature (Figure 2.2).  
 
 
 
   
 
Fig. 2.1 Major types of deactivation in heterogeneous catalysis 
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Fig. 2.2 Schematic of the various stages in the formation and growth of 
particles from monomer dispersion ((a): Clusters of atoms (or small metal 
particles); two–dimensional clusters, and; three–dimensional particles; (b): 
Particles might move and coalesce; (c): Atoms move from one particle to another, 
either by volatilisation or by surface migration.) 
 
2.2 NICKEL–BASED CATALYST 
 
Nickel has been developed with various promoters and carriers for 
decomposing tar and tar models [1–22].  
Zhang [7] investigated tar catalytic destruction in a tar conversion 
system consisting of a guard bed and catalytic reactor. Three Ni–based 
catalysts (ICI46–1, Z409 and RZ409) were proven to be effective in 
eliminating heavy tars (99% destruction efficiency). The experimental 
results demonstrated that space velocity (1500 –6000 h-1) had little effect 
on gas compositions, while increasing temperature boosted hydrogen 
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yield and reduced light hydrocarbons (CH4 and C2H4) formation, which 
suggested that tar decomposition was controlled by chemical kinetics. 
 
Furusawa et al. [8] reported that 10 wt% Ni/MgO (873 K) catalyst 
showed the best performance. Nickel supported on silica was active for 
tar catalyst cracking methane at relatively low temperature (823 K) was 
described by Zhang [9]. 
 
Srinakruang et al.[10,11] has developed Ni/Dolomite as highly 
efficient sulphur and coking resistance catalyst, and reported that 
calcining at 500 oC exhibited the most effective catalyst among Ni/SiO2 
and Ni/Al2O3; the poisoning effect was enhanced by increasing the 
reaction temperature and steam/C ratio; higher activity, durability and 
coking resistance. 
 
Sato et al. [12], has developed Ni–WO3/MgO–CaO catalyst for 
naphthalene and toluene reforming. The results exhibited a better 
resistance to sulfur and coking catalyst; tar reforming to better than 90% 
and 100 h steady tar reforming operation (in H2S) at 800–850 oC.  
 
Dou et al.[13] compared five catalysts on tar removal from fuel gases 
in a fixed–bed reactor. The Y–zeolite and NiMo catalysts were found to be 
the most effective about 100% tar removal can be achieved at 550 oC. It 
was also observed that process variables like temperature and space 
velocity had very significant effect on tar removal. 
 
Baker [14] also mentioned the phenomena in their experiments. In 
order to overcome the shortcoming of the commercial Ni–based catalyst, 
many Ni–based catalysts were developed. 
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Miyazawa et al. [15] has prepared Ni (Ni/Al2O3, Ni/ZrO2, Ni/TiO2, 
Ni/CeO2 and Ni/MgO) catalyst to reformed tar in the partial oxidation 
(POT) and steam reforming of tar (SRT). Results have been achieved: the 
order of the performance at 823 K was as follows: Ni/Al2O3 > Ni/ZrO2 > 
Ni/TiO2 > Ni/CeO2 > Ni/MgO > no catalyst; Ni/CeO2 showed smaller 
amount of coke than other catalysts; in the POT, much higher tar 
conversion and lower coke yield were obtained than that in SRT using 
fixed–bed reactor.  
 
2.3 CATALYTIC BROWN COAL GASIFICATION 
 
It is very important to increase the thermal efficiency of coal 
conversions for not only protecting the limited coal resources but also 
reducing CO2 and air pollutant emission. Steam gasification of coal is one 
of the most promising energy conversion technologies for producing 
hydrogen. 
2.3–1 Brown Coal  
Brown coal or lignite is a low rank with high moisture content of 
around 60 %, low heat value and high oxygen content. Therefore, it is 
hard to use for converted to useful energy. However, it is concluding 
many outstanding features such as less ash and sulfur content, and 
especially, including abundant of oxygen–containing functional groups 
such as carboxyl and phenol groups which are available for ion–exchange 
with metals. The structural unit of coal models is shown in Figure 2.3(d).  
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2.3–2 Catalytic Coal Gasification 
 
Tomita [16, 17] has reported low temperature gasification of 
Yallourn coal catalysed by nickel. By the different way of prepared 
catalyst as usual like conventional impregnation methods, coal was 
mixed with an aqueous solution of hexamine nickel carbonate. This 
mixture gave a perfect homogeneous, catalyst bearing coal. Analysis 
product gas he found that the gases in the rapid stage of char gasification 
at 723 K presented mainly hydrogen and carbon dioxide. The study 
demonstrates the first time that nickel catalyst can enhance gasification 
reactivity in a similar manner as observed for activate carbon. 
(a) (b) 
(c) (d) 
Fig. 2.3 structural unit of coal models (a: anthracite coal; b: bituminous 
coal; c: bituminous coal; d: brown coal) 
 
Carbon: 90~ % 
Carbon: 70~78 % 
Carbon: 78~ 83% 
Carbon: 83~ 90 % 
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Tomita [18, 19] continued to carry out nickel brown coal gasification 
with various gasification conditions such as amount weight of 
nickel–loaded on coal, various temperatures. The good results exhibited 
carbon conversion reached 85%, with 30 min for steam gasification at a 
low temperature of 723 K.  
Ohtsuka [20] reported calcium catalysed steam gasification of 
Yallourn brown coal with the same way of preparation catalyst as Tomita 
have done. The results also showed that high activity for calcium catalyst 
steam gasification of brown coal. 
Takarada [21] investigated catalyst steam gasification of coal by 
mixing of K–exchange brown coal. The results gave evident that rate of 
enhancement of K–exchange Yallourn coal by physical mixing method is 
independent of the caking property of higher rank coal; Potassium is a 
highly suitable catalyst for catalytic gasification. 
Recently, Miki [22] also carried out pyrolysis and gasification of coal 
which was loaded Ni by ion–exchanged method, and again proved 
nickel–loaded brown coal has a high activity in coal gasification. 
 
 
2.4 SUMMARIES 
 
 
Commercially available nickel reforming catalysts are highly 
effective at the removal of tar and adjustment of the gas composition to 
product gas quality. The catalysts can produce a methane–rich gas at low 
temperatures. The activity of catalysts is sensitive to nickel loading and 
metal dispersion. Nickel catalysts act best as secondary catalysts located 
in a downstream reactor. Deactivation is primarily due to carbon 
deposition and nickel particle growth. Coke deposit resistance can be 
improved by using various carriers (Dolomite, WO3, Co–Mo, La, Cu...) 
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The catalysts are effective, commercially available and relatively cheap. 
Coal gasification by directly loaded nickel on coal has exhibited 
that increasing reaction velocity of coal gasification, gasification at a 
relative low temperature (Carbon conversion reached 85 wt% even at 
773K with steam in 30 min); the ion–exchange method can enhance 
homogeneous. In addition, Nickel could be recovered with a high recovery 
rate by an ammonia–leaching method. However, low sulfur content is 
also necessary to avoid poisoning of the nickel catalyst. At a high 
temperature nickel catalyst may lose its activity owing to agglomeration. 
 
2.5 OBJECTIVE OF THIS STUDY   
As the review in Chapter 1 and Paragraph 2.2, it is promising for 
efficient utilizations of abundant biomass to generate electric and heat 
energy by catalytic decomposing tar. With using commercially available 
and relatively cheap nickel catalyst and coal char support; it is promising 
for high activity catalyst to decompose tar and achieving high product gas 
quality such as CO, methane–rich gas for power plant energy supply or 
city gas; hydrogen–rich gas for refining, fuel cells and other 
environmentally friendly applications.  The main objectives of this study 
are the use of nickel–loaded brown coal char by ion–exchange method, 
and then pyrolysis, the pyrolysed particles acts as a catalyst to 
decompose external tar from biomass in a fixed–bed reactor and a 
laboratory–scale fluidized–bed biomass gasifier closely connected with 
investigating suitable conditions for gasification systems such as 
gasification temperature, with steam, the absence of steam, space 
velocity related to reaction time, catalyst activity and stability tests.  
 With regarding to a good preparation of nickel–loaded brown coal 
char is lack of information; no research on use of it for decomposing 
external tar from biomass at low temperatures.  
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 With related to catalyst developing on tar conversion especially tar 
producing from biomass at low temperature 923 K, there are not yet the 
systematic research about Ni/BCC catalytic conditions and not so much 
discussion about the frequently deathful problems in the catalytic 
reactions, like as carbon deposition on catalyst, catalyst sintering during 
operation. 
The current research is focusing on:  
Characterizations of nickel metallic particle size by powder X–ray 
diffraction measurement on XRD that is related to active site of the 
catalyst. Various nickel–loaded coal char samples were prepared at 
different conditions such as pyrolysis temperatures, sizes of the 
nickel–loaded coal particles, and steam feed rates in the fix–bed reactor. 
Before performing experiments on fluidized bed gasifier, some 
experiments on a two–stage fixed–bed reactor to study how Ni/BCC 
catalytic reaction temperature affects gas yields and tar decomposition 
because it has much more strict control of temperature and easier 
operation. The results can afford some guidance to fluidized bed studies. 
The effect of reaction temperature on gas yields and tar conversion was 
emphatically tested.  
A fluidized bed gasifier was employed for continuously producing 
biomass tar and decomposing tar. The catalytic behaviors of the Ni/BCC 
were especially investigated, and the effects of reaction temperature, 
without steam, the presence of steam and reaction time on the biomass 
tar decomposing were emphatically tested. Especially their effects on 
gas yields and carbon yields were discussed in detail. A conventional 
Ni/Al2O3 catalyst was also tested as the reference catalyst to compare 
with the Ni/BCC catalyst.       
 The research expected that producing a cheap catalyst compare to 
others nickel catalysts by utilizing low rank coal char as the catalyst 
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support, having high activity of catalyst by added nickel in coal matrix, 
giving high quality of product gas by reforming tar and added by–product 
gas from Ni/BCC char gasification and finally, being able to contribute to 
the development of industrial catalysts.  
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Chapter 3  
Catalytic Decomposition of Tar from Woody 
Biomass Pyrolysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.1 INTRODUCTION 
 
 
Pyrolysis is an important process in energy recovery from biomass 
and also as a previous stage to other processes such as gasification. 
Valuable gases, such as H2 and CO, can also be generated by pyrolysis. 
These gases can be useful, among other applications, in chemical 
synthesis and high efficiency combustion systems such as fuel cells.  
The hydrogen–rich product gas from biomass pyrolysis is believed to 
become a valuable energy source with natural carbon dioxide. However, 
biomass has low energy density, so an enhancement of the product gas 
quality from biomass gasification is necessary. Beside a particular 
problem which has not been completely solved so far is tar formation 
[7–10]. Catalytic processes are considered as the most promising method 
with the highest potential to contribute a solution to this problem [11]. 
Temperature is an important variable in thermal decomposition 
processes of biomass, significantly influencing the product distribution. 
Pyrolysis is an endothermic process, and the use of low temperatures in 
this process decreases the input energy for a system that is very positive 
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from an energetic point of view and the system operation is easier than 
high temperature systems. 
In terms of both catalytic activity and cost, a nickel catalyst is the 
most suitable choice and the most widely used in the industry among 
metals such as Co, Pt, Ru, and Rh, which were investigated by many 
authors [5, 12–18]. Moreover, nickel based catalysts are reported to be 
quite effective not only for tar reduction but also for decreasing the 
amount of nitrogenous compounds such as ammonia [19]. In most reports, 
conventional nickel catalysts developed for steam tar reforming were 
tested [1–4, 8,10,20,21]. However, the investigations are still limited 
because of coking [19,22] or the use of expensive materials as catalyst 
supports (CeO2,  Al2O3, Al, SiO2, TiO2, ZrO2, MgO or WO3). Among the 
above investigations, the most interesting one concerning the current 
study is brown coal gasification by the addition of a nickel catalyst in 
fluidized–bed gasification at low temperature [1–4]. However, nickel 
catalysts have only been used for coal gasification itself. 
To satisfy both high quality of product gas and the use of a cheaper 
catalyst support (brown coal char), in this study, nickel–loaded brown 
coal char catalyst has been developed for the new purpose of decomposing 
tarry material from woody biomass pyrolysis.  
The Ni/BCC catalyst is prepared by ion exchange method, dried at 380 
K in nitrogen for 24 h, and is then calcined at 923 K in nitrogen for 90 
min. Under these conditions, almost coal volatile, and rapid char 
gasification was occurred [1,2], and after that nickel–loaded coal char 
was obtained and acted as catalyst for biomass tar decomposition.  
Samples for characterization of catalyst were prepared on the 
fixed–bed reactor under various conditions such as nickel–loaded brown 
coal particle size range of 0.5 to 2 mm, pyrolysis temperature range of 
823 to 1023 K that are needed to investigate the effect both of catalyst 
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particle size and pyrolysis temperature on crystallite size of Ni/BCC to 
establish the better catalyst preparation condition for preventing from 
sintering problems of Ni/BCC catalyst.   
A suitable temperature for catalytic tar decomposition was 
investigated in a two–stage fixed–bed reactor. The effect of temperature 
on gas yield and carbon conversion have been discussed in detail and 
compared in the case of absence of catalyst and the presence of Ni/BCC 
catalyst. The better temperature is a reference result, being used in 
fluidized–bed gasification which is available for continuous tests to 
assess durability. Catalytic activity was tested, evaluated by woody 
biomass pyrolysis in a fluidized–bed gasifier for both of Ni/BCC and 
reference catalyst Ni/Al2O3. In a laboratory–scale fluidized–bed gasifier 
(FBG) Experiments, inside of FBG reactor is constructed by two beds, the 
primary one is a fluidized–bed with sand where biomass was fed to 
produce tar, and the other is a catalyst bed that is used to evaluate 
catalytic activity. Gas yields and carbon conversion was discussed and 
compared between the cases of Ni/BCC and Ni/Al2O3 catalyst. Coke 
deposition formation on catalysts has been detected by burning used 
catalysts and after analyzing carbon in the product gas, the result could 
be compared with the case of steam gasification in chapter 4. Effect of 
catalyst pyrolysis temperature, catalyst particle size on nickel metallic 
particle size, Ni/BCC and Ni/Al2O3 catalytic decomposition of tar in the 
fixed-bed and the fluidized–bed have been investigated in this chapter.   
 
3.2 EXPERIMENTAL 
 
3.2–1 Samples 
Woody biomass (red pine) was selected for the experimental 
feedstock, which was crushed and sieved into pellets size in the range of 
0.5 to 1 mm in diameter with various shapes as showing in Figure 3.1. 
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The sample is stable and uniform to produce real tar model for catalytic 
performances in experiments. The sample was analyzed by JIS standards 
(using CHN–200 and SC–432 for ultimate analyses), the results of the 
proximate analysis and ultimate analysis of the sample are shown in 
Table 3.1.  
Table 3.1  
Proximate and ultimate analyses of woody samples 
Proximate analysis [wt%]   Ultimate analysis 
[wt% daf] 
Mois.  F.C.  V.M.  Ash              C    H    N    S     O(diff.) 
5.83   13.2  80.9  0.04            54.0  7.10  0.05  0.30   38.5 
 
 
 
 
 
 
 
 
 
Fig. 3.1 Shape of woody pellet particles  
 
3.2–2 Catalyst Preparation  
 
3.2.2–1 Ni/BCC catalyst 
In order to developing a low–cost support of catalyst, brown coal char 
was used to carry nickel catalyst. The nickel metal is added into coal 
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matrix by ion–exchange method that is shown in Figure 3.2 and Figure 
3.3.  
Yallourn (YL) brown coal from Australian is low rank coal which 
received in the form of briquettes. The coal was crushed, sieved to a 
particle size in the range of 1 to 2 mm in diameter, and then dried at 380 
K for 12 h. Nickel has added to the coal matrix by ion–exchange with a 
solution of basic hexa ammine nickel carbonate (NH3)6NiCO3. The coal 
was mixed with the (NH3)6NiCO3 solution for 24 h and then recovered by 
filtration. The recovered solid was washed with distilled water and 
filtered again. The washed solid was then dried under N2 flow at 380 K 
for 24 h. Finally, the raw catalysts were produced. The results of the 
proximate analysis and ultimate analysis of the nickel– loaded Yallourn 
brown coal (Raw Ni/BCC) are shown in Table 3–2.  
Catalysts was characterized by powder X–ray diffraction on XRD; 
M03XHF22, Mac Science Co., Ltd, using CuKα radiation(40 kV, 30 mA) 
in order to identify the potential evolution of the crystalline phases 
during catalyst pyrolysis tests. The diffractograms were recorded a step 
time of 10 sec. An atomic absorption flame emission spectrophotometer 
(AA–6400F, Shimadzu Corp.) was used to examine the amount of Ni in 
raw Ni/BCC (Ni 9 ± 1%–dry). After pyrolyzing with nitrogen gas at 923 K 
for 90 min, its weigh loss is approximately 52 ± 2 %, and therefore, nickel
–loaded in coal char can be estimated as 19.6 ± 2%–char base. The 
intimacy of the contact between coal char and catalyst was so effective 
that the reactivity was considerably higher than those prepared by a 
conventional impregnation method [1–5]. The nitrogen adsorption 
characterization of catalysts was performed on equipment for automatic 
gas and vapor adsorption measurement (BELSORP–max, BEL Japan Co. 
Ltd.). Prior to adsorption measurement, the catalysts were degassed at 
573 K for 3 h under a dynamic vacuum. The surface area of fresh 
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catalysts (Ni/BCC), which were obtained after the pyrolysis of raw 
Ni/BCC at 923 K for 90 min, was 350 m2g-1. The bulk density of Ni/BCC 
char is 0.49 x 103 kg m-3.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2 Schematic flow diagram of nickel and brown coal ion–exchange 
procedure 
 
 NiCO32Ni(OH)24H2O, (NH4)2CO3, Ammonia 
solution and distilled water 
 
(NH3)6NiCO3 
 
Distilled water 
 
(NH3)6NiCO3 Solution (pH = 11) 
 
Brown coal 
 
Stirring (24 h) 
 
Filtration 
 
Washing (distilled water) 
 
Dry (380 K, 24 h, in N2) 
 
Nickel–loaded brown coal  
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3.2.2–2 Ni/Al2O3 catalyst 
A conventional nickel catalyst (Ni/Al2O3) (No.C13–4, Ni 20±2 wt % 
SÜD–CHEMIE CATALYSTS JAPAN, Inc.) that was supported with 
alumina was also used to compare with the Ni/BCC catalyst. It was 
crushed and sieved to the fraction of 0.5 – 1 mm (Figure 3.4 (b)). The 
density and bulk density of the Ni/Al2O3 catalyst are 1.40 x 103 kg m-3 
and 0.74 x 103 kg m-3, respectively. 
Table 3–2  
Proximate and ultimate analyses of nickel–loaded brown coal (before 
pyrolysis) 
Proximate analysis [%–dry]   Ultimate analysis 
[wt% daf] 
  F.C.  V.M.  Ash                C     H    N      S    O(diff.) 
  14.2   52.9  14.2               70.6   5.5   0.05   0.4   22.5 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4 Shape of catalyst particles before being used (a: Ni/BCC char; b: 
Ni/Al2O3)   
(a) (b) 
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Figure 3.4 shows, shape of Ni/Al2O3 particles are sharper than 
Ni/BCC particles, it may not good if we consider about surface area of 
catalyst.    
 
3.2–3 Apparatus and Methods  
 
Two apparatuses were applied in those experiments are a two stage 
fixed–bed quartz and a fluidized–bed gasifier.  
 
The two–stage fixed–bed quartz reactor 
 
The two–stage fixed–bed quartz reactor with an internal diameter of 
20 mm and a main body length of 900 mm was designed for evaluating 
the Ni/BCC catalyst and preparing samples which is needed for catalyst 
characterization by use of BELSORP–max (Figure 3.5).   
In the case of the catalytic performances in a two–stage fixed–bed 
reactor, all runs, 1 g of biomass was loaded on the first stage as a 
pyrolysis sample, and 5 g of catalyst on the second stage to decompose tar 
of biomass pyrolysis gas (the height of the catalyst bed in reactor: about 
16 mm). The temperatures of the two stages were controlled by using 
electric furnaces with K type thermocouples which set at central 
positions in the biomass sample and catalyst layers, and using PID 
controllers to adjust furnace power inputs adapting to heat rate and 
temperature sets. In the experiments, raw Ni/BCC was heated up to 923 
K under N2 flow (1 ml/sec) and kept for 90 min. and then, depending on 
temperature requirement (823 or 923K) in each experiment, it could be 
reduced or kept, biomass pyrolysis was conducted at a heating rate of 10 
K/min from ambient to 1173 K. Product gas was sampled and analysed by 
an off–line FID gas chromatograph (SHIMADZU GC–14B) equipped with 
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a methane converter.  
The two–stage fixed–bed quartz reactor was also applied to prepare 
catalyst samples for characterizing Ni/BCC catalyst under different 
particle size, pyrolysis temperatures.  
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 Fig. 3.5 Schematic flow diagram of the two–stage fixed–bed quartz 
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The fluidized–bed gasifier 
 
The schematic flow diagram and the photo of the fluidized–bed 
gasifier are shown in Figure 3.6(a) and 3.6(b). It consists essentially of 
the following units: a fluidized–bed gasifier; which is a cylindrical 
stainless steel tube (Figure 3.6 (c)) (i.d.: 53.5 mm, height: 610 mm) with 
three thermocouples, a sand fluidized–bed and a catalyst bed, a 
continuous biomass screw feeder, and a steam generator; a gas cleaning 
section with a cyclone, a small dust silo and a cooling system to separate 
condensable components and to cool the product gas, and tar traps 
(Figure 6(d)) to recover tar at 273 K; and a gas sampling section with gas 
bags, hydrocarbon measurement apparatus, and a bypass pipeline.  
 
For all runs, the fluidized–bed was charged with 350 g of sand 
particles (0.25–0.5 mm) as the fluidized–bed material. Red pine wood was 
used as the biomass sample and fed at a fixed rate of 1.2 g/min under the 
fluidized–bed temperature of 923 K. For the Ni/BCC catalyst runs, the 
catalyst bed was charged with 50 g of Ni/BCC char and done the same for 
Ni/Al2O3 catalyst runs. For all runs, various nitrogen flow rates were 
introduced to carry the product gas and a small flow of nitrogen was 
supplied to support the feeding of biomass. The total nitrogen flow rate 
was calculated and the space velocity of catalyst was controlled. The 
gasifier was heated up by electric heaters in and the fluidized–bed and 
the catalyst bed temperature were controlled according to K–type 
thermocouples. The cyclone and the flexible pipelines between the gasifer 
and the condenser were heated to 523 K by ribbon heaters to prevent the 
condensation of tar compounds. All significant experimental parameters 
such as temperature, pressure, nitrogen feed rate, water feed rate, and 
product gas flow rate were automatically recorded by a computer 
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program. Afterwards, the product gas was sampled in gas bags for 4 min 
in 20 min intervals and analyzed by an off–line gas chromatograph with 
TCD and FID (GC–14B, Shimadzu Corp.). After the runs, all solid 
materials such as bed solid (biomass char and sand), overflow char, and 
used catalyst were collected. The carbon content in those was calculated 
from the amount of carbon dioxide generated by their combustion.
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Fig. 3.6(b) Photo of fluidized–bed gasifier system 
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Fig. 6(c) Photo of main gasifer body view 
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3.3 RESULTS AND DISCUSSION  
 
3.3–1 Ni/BCC Catalyst Characterizations 
Figure 3.7 shows X–ray diffractograms of Ni/BCC chars that were 
prepared in different raw coal particle sizes in the range of 0.5 to 1 mm, 1 to 
1.4 mm, and 1.4 to 2 mm at 923 K under N2 gas flow for 90 min. The X–ray 
diffractograms shows all peaks at 2θ = 44.4, 52.9, 69.9, and 93.8o; which are 
attributed to metallic nickel. The nickel particle size are calculated from 
line broadening by using the Scherrer equation for the main X–ray 
diffraction peak at 44.4o and compared with each other. The Scherrer 
Equation is used frequently in X-ray analysis powder diffraction, of material. 
It relates the peak breath of a specific phase of a material to the mean 
crystallites size of that material.  The equation takes the form [23]: 
θβ
λ
cos
.K
L =  wherein L is the mean dimension of the crystallites 
composing powder, θ and λ have their usual meaning, θ is the center angle 
of the peak, λ is the wavelength of incident x–rays (1.5405 oA ), β is the 
breadth (commonly β1/2 or βi) of the peak of the pure diffraction profile on the 
2θ scale in radians, and K is a constant that varies with the method of 
taking the breadth (in this study, K = 0.94). 
  The metallic nickel particle size slightly increases as the catalyst 
particle size range decreases. It is supposed that carbon of brown coal char 
was lost by gasified; the catalyst particles were changed into smaller ones. 
After pyrolysis of nickel brown coal with difference particle size ranges, 
decreasing weight loss with increasing catalyst particle size, for particle size 
range 0.5 to 1, 1 to 1.4 and 1.4 to 2 mm weight loss are 60.5, 54.3 and 53.5 %, 
respectively.  It might cause of catalyst sintering by moved and coalesced 
from one of nickel particle to another. The crystallite size of the largest 
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nickel particle was calculated to be as fine as 13.4 nm (Figure 3.8).  
As discussion on above, crystallite sizes of nickel particles are smaller 
with lower catalyst weight loss. Therefore, the catalyst particle size range of 
1 to 2 mm was selected to prepare samples at different pyrolysis 
temperatures 823, 923, 973, and 1023 K, with N2 environment for 90 min. 
Those samples were used in characterization of crystallite size of nickel by 
powder X–ray diffraction on XRD. Figure 3.9 shows X–ray diffractograms of 
Ni/BCC chars which illustrates all peaks at 2θ = 44.4, 52.9, 69.9 and 93.8o 
are attributed to metallic nickel. The Figure shows that the peaks at 823 K 
and 923 K are similar, and the crystallite size of nickel particle size was 
calculated from line broadening the main X–ray diffraction by Scherrer 
Equation that are 10.1 and 11.4 nm, respectively (Figure 3.10). The results 
show that it is no big different in crystallite size of the nickel particle 
between two samples prepared at temperature 823 K and 923 K. However, 
as temperature has increased from 973 to 1023 K, the peaks increased 
sharply and crystallite size of the nickel particles increased from 26.8 to 
48.4 nm (Figure 3.10). These results suggest that the crystallite sizes of 
nickel particles are controlled by pyrolysis temperature. At the higher 
temperature of 973 and 1023 K, the movement of atoms might occur; it is 
the most important mechanism for sintering of the small particles [5]. In 
addition, with increasing pyrolysis temperature as 823, 923, 973, and 1023 
K catalyst weight losses increased as 53.1, 53.6, 54,2, 55.1 and 56.7% 
crystallite size of nickel particles might be increased by moved and 
coalesced from one of the nickel particle to other as discussion on figure 3.7, 
3.8. The results suggest that the Ni/BCC should be used at a low 
temperature of 923 K.       
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Fig. 3.8 Effect of catalyst particle size range on nickel crystallite size 
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Fig. 3.9 X–ray diffractograms of Ni/BCC chars prepared at different 
pyrolysis temperatures  
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Fig. 3.10 Effect of catalyst pyrolysis temperature on nickel metallic 
crystallite size 
 
 
 
Fig. 3.11 Transmission electron microscopy (TEM) image of nickel particles 
loaded on brown coal char (873 K, pyrolysis time 30 min) [6].  
 
Figure 3.11, the TEM image of the Ni/BCC char; observed from the figure 
dispersion of the nickel species in the catalyst can be visible as dark grains, 
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dispersed well in coal char support. 
 
3.3–2 Catalyst Evaluation in a Two–stage Fixed–bed Reactor   
    Reaction temperature is an important factor in a pyrolysis reaction. The 
effect of temperature on tar cracking was investigated without and with 
Ni/BCC at 823 and 923 K.  
Figure 3.12 illustrates the gas yields and the biomass carbon balance of 
woody red pine pyrolysis in a two fixed–bed quartz reactor. In the case 
Ni/BCC catalyst, total gas yield increased drastically at a catalyst bed 
temperature of 923 K, at which the yield of CO and H2 achieved was 21.2 
and 29.5 mmol/g–sample daf, respectively, approximately three and six 
times in comparison to sand (Figure 3.12(a)). It was considered that tarry 
material was efficiently decomposed by the Ni/BCC catalyst. If we consider 
the effect of catalytic pyrolysis temperature on gas yield, Figure 3.12 (a) also 
shows that the gas yield increased by increasing temperature from 823 to 
923 K, thus suggesting tar decomposition can be controlled by chemical 
kinetics. In contrast, the yield of CH4 decreased from 4.5 to 2.3 
mmol/g–sample daf. It is suggesting that methanation reactions might be 
occurred at low temperature as following reactions: 
CO + 3H2  → CH4 + H2O                                       3–1 
CO2 + 4H2 → CH4 + 2H2O                                      3–2 
2C + 2H2O → CH4 + CO2                                                          3–3 
Although there was no direct measurement of tar, we have the biomass 
carbon balance, which is illustrated in Figure 3.12(b). Among total carbon in 
biomass, percentages of carbon in product gas (C_ gas) and carbon in char 
(C_char) could be obtained by analyzing product gas and product char, 
respectively. Carbon in tar (C_tar) was estimated fairly by a different 
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method: C_tar = 100 – (C_ gas + C_char). In the case of Ni/BCC, we could 
assume that the total carbon of product gas was released from biomass 
pyrolysis because the pyrolysis time of 90 min was enough to release most 
releasable carbon in Ni/BCC at 923 K [1–4]. The amount of C_chars was 
almost constant in all cases, because the char is accumulated in the first 
stage without contacting the catalyst particles at the same temperature of 
1173 K. In the case of catalytic tar decomposition, the amount of C_gas 
increased drastically compared to no catalyst at 923 K. That is to say, the 
tar was decomposed over Ni/BCC catalyst by equation 3–4. 
Tar  →Catalyst  CO + H2 + CO2 + CH4 + C2H4 + light hydrocarbon         3–4                         
For Ni/BCC catalyst performance, almost tar was decomposed, 
approximately 95% which was converted into product gas such as CO, CO2 
CH4 at 923 K. In addition, we did not observe tar adhered on the reactor. 
Thus, it suggests almost all of the tar was decomposed at 923 K under the 
pyrolysis experimental conditions over catalyst application. 
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Fig. 12 Effect of temperature on catalyst pyrolysis: (a) gas yields and (b) 
biomass carbon balance (space velocity 3000 h-1) 
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3.3–3 Catalyst Evaluation in a Fluidized–Bed Gasifer 
 
In the catalytic activity tests, the formation of products were observed for 
60 min, and significant heavy tar was not observed on the pipeline and tar 
traps. All experiments were performed at 923 K, under nitrogen carry gas, 
space velocity 11000 h-1. All calculated results of gas yield and C_gas were 
the average of specific results from various specific sampling times, which 
started at 10 min after feeding biomass and then in 20 min intervals. The 
effects of the catalyst on gas yields (CH4, CO, CO2, H2 yield) are illustrated 
in Figure 3.13(a). The bars from left to right show the results for 
non–catalyst, Ni/Al2O3 and Ni/BCC catalyst. Using Ni/BCC catalyst, CH4, 
CO, CO2 and H2 yields were almost the same as those of Ni/Al2O3: 2.8, 15.6, 
6.3, 23.1 mmol/g–sample daf, respectively. Especially, both CO and CO2 
yields increased drastically by 2 times and H2 by approximately 5 times 
compared to those of non–catalyst. This result indicates that Ni/BCC 
catalyst is high activity the same as Ni/Al2O3 catalyst in tar conversion into 
useful gases such as CO and hydrogen gases.  
 
Biomass carbon balance is illustrated in Figure 3.13(b). A detailed 
carbon balance could not be carried out because of difficulty in accurately 
estimating the tar yield; it is hard to recover adhered pipeline system. In a 
similar way as described above section, we defined C_gas, C_char, C_coke 
(deposited carbon on the catalyst) and calculated C_tar following equation 
3–5. 
 C_tar = 100 – (C_ gas + C_char + C_coke)                       3–5 
In the absence of the catalyst, C_coke was not observed at all, because 
coke is assigned to the carbon deposited on the catalyst surface. In the 
presence of the Ni/BCC catalyst, C_coke had realized as approximately 
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1.92% which was estimated by the subtraction between carbon in the fresh 
Ni/BCC and carbon in the used Ni/BCC catalyst. Even though, we got the 
deposited carbon results, but it was not reflected all of deposited carbon on 
the Ni/BCC due to a small amount of Ni/BCC char gasified by the following 
reaction C + CO2  → 2 CO. Therefore, it can not be directly compared to the 
deposited carbon on the the Ni/Al2O3 catalyst. However, it can be compared 
to the case of steam–reforming tar in Chapter 4. In the presence of Ni/Al2O3, 
C_coke was detected approximately 5.02% in burning the used Ni/Al2O3, it 
can be also compared to the case of the steam–reforming tar later in 
Chapter 4. The amount of C_char was almost constant in all of the cases. 
This is because the char is accumulated in the fluidized–bed without 
contacting the catalyst particles. In the presence of catalysts, the amount of 
C_gas increased drastically compared to none catalyst. The blank on the top 
of each bar in Figure 3.13(b) can be considered as a percentage of C_tar. For 
Ni/BCC and Ni/Al2O3 catalysts, C_ tar was 12.3 and 8.9% and C_gas was 
54.9 and 55.1%, respectively. The results show that the Ni/BCC catalyst 
could not perform as well as the Ni/Al2O3 catalyst to decompose tar under 
pyrolysis process. This result might be affected by a part of the deposited 
carbon being on some of the reactive surface of the Ni catalyst, while the 
raw Ni/BCC catalyst was calcined due to volatile release from the brown 
coal. However, the results show that both catalysts are high reactivity to 
decompose tar. 
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Fig. 3.13 Comparison of different catalysts and non–catalyst without steam: 
(a) gas yields and (b) biomass carbon balance at 923 K and no steam 
(923 K, sv = 11000 h-1) 
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3.4 SUMMARIES 
 
Nickel–loaded brown coal char prepared with ion–exchange method 
and characterized in relation to their structure and reactivity performed for 
biomass pyrolysis in a two–stage fixed–bed and fluidized–bed gasifier. 
Beside the use of the Ni/BCC catalyst to decompose tar, the conventional 
Ni/Al2O3 catalyst also applied and compared with reactivity of the Ni/BCC 
catalyst. The most important conclusions are, in short, as follows:  
 
In order to examine effect of raw Ni/BCC particle size on nickel metallic 
particle size by coalesce and pyrolysis temperature, the Ni/BCC chars by 
pyrolysis have been prepared. Result exhibited that: there is a partial effect 
of raw coal particle sizes of 0.5 to 2 mm on metallic nickel particle size. 
Metallic nickel particle sizes seem to increase with decreasing Ni/BCC 
particle sizes. For the effect of pyrolysis temperature on the crystallite size 
of the nickel particles, it is slightly affected at the temperature lower than 
923 K, but great affected at the temperature higher than 973 K. 
 
Catalyst evaluation in a two–stage fixed–bed reactor has been identified 
as processing the good activity even at a low temperature of 923 K.   
 
Catalyst evaluation in a fluidized–bed gasifier, have exhibited the 
Ni/BCC catalyst could not perform as well as the Ni/Al2O3 catalyst to 
decompose tar under pyrolysis process. However, the results show that both 
catalysts are good reactive to decompose tar from biomass pyrolysis at 923 
K.  
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Chapter 4 
 Catalytic Steam Reforming of Tar from Woody Biomass 
Gasification 
 
 
 
 
 
 
4.1 INTRODUCTION 
 
Catalytic steam reforming is the best way to decompose tar components 
as well as to increase the product gas yield and the overall efficiency for 
energy has been reported by a great number of researchers, nickel with high 
activity and relative cheap compare to others. Therefore, nickel catalysts 
have shown its attractive catalyst to many researchers [4–12]. Zhang et al, 
Wang et al, Yang et al, and Li et al have focused on using different the 
catalyst supports and carrying out with different catalyst prepared methods 
to improvement the catalyst activity [8–10,13], some others trying to 
investigate catalysts under various operation condition such as temperature 
(of the catalytic bed), space time or space velocity, catalyst particle size, etc. 
[5,6,8,12]. However, more researches are needed to improve the product gas 
quality for its commercial uses in a high energy–efficient heat and power 
generator such as gas turbines or fuel cells, and the production of liquid 
fuels and H2.   
The aim of current study is to increase the coking resistance ability as 
well as steam gasification of deposited carbon on the Ni/BCC catalyst. It 
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was available to regenerate activity of catalyst. By the way, product gases 
propose to achieve an enhancement of the product gas quality by not only 
recovering energy from tar reforming but also adding the by–product gas 
from steam gasification of Ni/BCC char at relative low temperatures. To 
decompose tar of biomass gasification by the use of Ni/BCC catalyst has 
been investigated under mild conditions in a laboratory scale fluidized–bed 
gasifier with introducing steam as a gasifying agent and nitrogen as the 
product gas carrier. In the presence of steam a conventional Ni/Al2O3 
catalyst also was selected to compare with the Ni/BCC catalyst. In this 
study, the Ni/BCC catalyst was consumed at different steam feed rate so as 
determine the effect of steam feed rate on the crystallite size of catalyst; 
catalytic tar reforming temperature, the space velocity as a function of the 
gas yields and biomass carbon conversions in fluidized–bed gasifier were 
investigated. The product gas components was discussed in detail and 
compared between both cases of the absent of steam and the presence of 
steam.  
 
4.2 EXPERIMENTAL  
 
4.2–1 Biomass and Catalyst Samples 
There is no significant sample preparation in this study. As 
mentioned in the chapter 3, red pine biomass sample was prepared and used 
for producing biomass volatiles (tar) in fluidized–bed gasifier to decompose 
tar over Ni/BCC and conventional Ni/Al2O3 catalyst.   
4.2–2 Apparatus and Methods  
4.2.2–1 Fixed–bed quartz reactor 
In order to determine the effect of steam feed rate on the crystallite 
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size of the Ni/BCC catalyst, Ni/BCC char was gasified at different steam 
feed rate. After gasifying Ni/BCC char, the remained Ni/BCC was collected 
and used as samples for measuring the crystallite size of the nickel particles 
by using XRD. The fixed–bed quartz reactor has been applied to prepare the 
samples as shown in Figure 4.1. A distinguishing feature in this fixed–bed 
quartz reactor is that the reactor has two gas inlets; one is used for 
introducing nitrogen carrier gas and the other for injecting steam. A micro 
feed water pump and steam generator for adjusting steam feed rate are 
included in the apparatus. 
In operation procedure, 10 g of raw Ni/BCC with particle size in the 
range of 1 to 2 mm was set on the fixed bed of reactor. Before pyrolyzing of 
raw Ni/BCC, nitrogen gas was introduced to the reactor for blowing oxygen 
out to atmosphere that protected coal char out of oxidization during the 
pyrolysis process of raw Ni/BCC, and then, the raw Ni/BCC was heated up 
and pyrolysed at the same condition as the catalyst for tar decomposition 
such as the temperature of 923 K with nitrogen environment during 90 min. 
For all runs, 1 g of the pyrolysed Ni/BCC was gasified at the temperature of 
923 K with the different steam feed rates such as 5, 15, 30 µl/min during 120 
min. Finally, the unreacted chars were loaded out for X-ray diffraction 
measurements on XRD; ( M03XHF22, Mac Science Co., Ltd,) using CuKα 
radiation (40 kV, 30 mA) in order to identify the potential evolution of the 
crystalline phases during Ni/BCC catalyst gasification tests. 
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 Fig. 4.1 Schematic flow diagram of the fixed–bed quartz reactor 
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Fig. 4.2 Hot test rig of the fixed–bed quartz reactor 
 
 
4.2.2-2 Fluidized–bed gasifier 
The applicant apparatus is the fluidized–bed gasification which has 
been described in Chapter 3. For all runs, the fluidized–bed was charged 
with 350 g of sand particles (0.25 – 0.5 mm) that worked as a fluidized–bed 
material. One of the important features of gasification is that the reaction 
temperature can be kept as below 923 K, thereby preventing sintering and 
agglomeration of the ash which cause serous operational problems during 
combustion process, especially in gasification of rice husk [14]. Therefore, in 
Micro pump 
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these experiments, the red pine wood was used as the biomass sample to 
produce tar model for catalytic steam gasification with a fixed– feed rate of 
biomass (1.2 g/min) at the fluidized–bed temperature of 923 K. In each cases 
of steam–catalytic gasification experiments (the pyrolysed Ni/BCC and 
Ni/Al2O3 catalyst), the catalyst was charged with 50 g. The different 
nitrogen flow rates were introduced to carry the product gas and a partial 
one was supplied to support the feeding of biomass. The total nitrogen flow 
rates were calculated and the space velocity was controlled. For all steam 
gasification runs, steam was injected in reactor at the same time with 
biomass feeding at steam to biomass carbon ratio (s/c) of 0.6 mol/mol at 
which the steam feed rate is 15 µl/g_catalyst. The steam feed rate is better for 
expanding catalyst life time due to gasifying deposited carbon, reducing 
consumption of Ni/BCC carbon by carbon steam gasification and reducing 
catalyst particle growing rate which is discussed in Section 4.3-2. In 
operations, the gasifier was heated up by electric heaters in which the 
fluidized–bed and the catalyst bed temperatures were controlled according 
to K–type thermocouples. The cyclone and the flexible pipelines between the 
gasifer and the condenser were heated to 523 K by ribbon heaters to prevent 
the condensation of tar compounds. At the time, all operation parameters 
reached requirement condition set, biomass was fed with time recording.  
Biomass was then gasified and produced tar which passed through the 
catalyst bed. After the product gas pass through, cyclone, condenser, and tar 
traps, the dry product gas was sampled in gas bags for 4 min in 20 min 
intervals and analyzed by an off–line gas chromatograph with thermal 
conductivity detector and flame ionization detector (GC–14B, Shimadzu 
Corp.). After the runs, solid materials such as fluidized–bed solid (biomass 
char and sand), overflow char, and used catalyst were collected. The carbon 
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content in those was calculated from the amount of carbon dioxide 
generated by its combustion.  
 
4.3 RESULTS AND DISCUSSION  
4.3–1 Discussion of Catalytic Steam Tar Reforming Pathway 
Figure 4.3 shows pathway of the woody biomass gasification process 
with the Ni/BCC catalyst. The woody biomass was first pyrolysis to form gas, 
tar and char at 923 K. Both useful gas and tar passed through the catalyst 
particles. Tar was dissociatively adsorbed onto a nickel site where nickel 
catalyzed dehydrogenation occurs. In the presence of steam, tar would be 
cracked and reformed follow the mechanism have mentioned in Chapter 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3 Schematic pathway of biomass pyrolysis and tar reforming using 
Ni/BCC catalyst 
 
The chemistry of coal (biomass) gasification is usually depicted to 
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involve the following reactions of carbon and steam [1]. The standard 
enthalpy change (gram molecules) at 298 K is shown for each reaction. The 
most important reactions are listed in Table 4–1[1–3] 
 
Table 4–1 
Synthesis gas reactions 
Process H
O
298
∆  (kJ/mol)  
 
Steam reforming 
  
CH4 + H2O = CO + 3H2 + 206 (4–1) 
CnHm + nH2O = nCO + n + (m/2)H2 + 1175a (4–2) 
 
CO2 reforming 
  
CH4 + CO2 = 2CO + 2H2 + 247 (4–3) 
 
Gasification 
  
C + H2O → CO + H2   + 131.3  (4–4) 
C + 2H2O → CO2 + H2     + 90.2  (4–5) 
C + CO2 →2CO            + 172.4  (4–6) 
 
Water–gas shift reaction 
  
CO + H2O → CO2 + H2      - 41.1  (4–7) 
 
Methanation 
  
2CO + 2H2 →  CH4 + CO2     - 247.3  (4–8) 
CO + 3H2   →  CH4 + H2O    - 206.1  (4–9) 
CO2 + 4H2  → CH4 + H2O    - 165.0  (4–10) 
C + 2H2 → CH4             - 74.8  (4–11) 
a For nC7H16 
 
4.3–2 Effect of Steam Feed Rate on Crystallite Size of the Nickel particles   
  Steam is one of the important factors which directly influence the 
product gas components by steam gasification of carbon; the steam 
reforming of tar, water–gas shift reaction (Table 4–1). Steam can also 
regenerate catalyst activity by gasifying deposited coke on the active surface 
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of catalyst. However, in the case of Ni/BCC catalyst, steam is not only 
gasifying deposited carbon but also gasifying coal char carbon. Therefore, 
catalyst particle size decreased and metal nickel particle grew by coalesces 
with their neighbors. In this study, the effect of steam on crystallite size of 
nickel, catalyst weight loss has been investigated. The results can be 
considered for application of steam reforming biomass tar in fluidized–bed 
gasifier.   
Figure 4.4 shows X–ray diffractograms of Ni/BCC chars with particle 
sizes in the range of 1 to 2 mm prepared at 923 K under N2 flow for 90 min. 
This pyrolysised conditions are the same as the case of preparation catalyst 
for steam tar reforming in fluidized–bed gasifier.  And after 1 g of the 
prepared Ni/BCC was gasified under various steam feed (sf) rates 0, 5, 15, 
and 30 µl/min at 923 K for 2 h. The X–ray diffractogram peaks at 44.4, 52.9, 
69.9, and 93.8o in Figure 4.4 (a), (b), (c), and (d), which are attributed to 
metallic nickel, are similar. The same as Section 3.3–1 of Chapter 3, the 
crystallite size of the nickel particles were calculated from line broadening 
the main X–ray diffraction by the Scherrer Equation at the main peak 44.4o. 
In the all cases of steam injection at steam feed rates of 5, 15, and 30 µl/min, 
the nickel particle sizes are 27.6, 27.5 and 28.4 nm with catalyst weight loss 
are 17.46, 22.5, and 27.28%, respectively. Without steam, the nickel particle 
size is 26.3 nm with weight loss was only 3.3%. If we consider effect of 
operation time on catalyst crystallite size, it increased from 11 to 26.3 nm 
after 120 min. The results showed that the nickel particle size is partially 
related to the flow rate of steam injection. Beside, operation time is one of 
more important reason affecting nickel particle growing.     
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Fig. 4.4 X–ray diffractograms of Ni/BCC chars prepared at different steam feed 
rates (923 K; steam gasification for 2 h.) 
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4.3–3 Catalyst Evaluation in Steam Gasification Process in Fluidized–bed 
Gasification 
 
The conventional Ni/Al2O3 catalyst and the Ni/BCC catalyst available 
for steam reforming were used to test tar reforming performance. As 
mentioned in Chapter 2 and discussed in Chapter 3, the deposited carbon 
may cause for deactivating catalysts due to covering activate site of 
catalysts. In this chapter, all experiments were performed under steam 
injection with s/c: 0.6 mol/mol. The added steam was expected to suppress 
the deposited carbon on activate surface of catalysts. In this section, the 
effect of steam addition on tar conversion, gas yields, and carbon conversion 
were investigated. The reactivity both of the Ni/BCC and Ni/Al2O3 catalysts 
have been compared and discussed in detail.   
In the activity tests, the formation of products were observed for 60 min, 
all calculated results of the gas yields and C_gas were the average of the 
specific results from various specific sampling times, which started at 20 
min after feeding biomass and then in 20 min intervals. 
As illustrated in Figure 4.5 (a), the gas yields are shown lowest for 
non–catalyst, while higher gas yields have achieved for the catalysts. The 
great improvement of product gas for the case of Ni/BCC catalyst should be 
given more attention. Most main gas components (CH4, CO, CO2, H2) were 
higher than those of Ni/Al2O3 catalyst. Especially, in the case of the Ni/BCC 
catalyst, CO and H2 yield were 10.8 and 12.3 mmol/ g–sample daf higher 
than those of Ni/Al2O3 catalyst. These satisfactory results could be 
explained by a part of the deposited carbon on the Ni/BCC catalyst and Ni/ 
BCC char had been gasified in the presence of steam according to the 
reaction pathway as following reaction equations (Eqs. (4–4), (4–5), and 
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(4–6)) in the Table 4–1. 
Steam might also produce a larger active surface of the Ni/BCC 
catalyst by steam gasification of deposited carbon on the surface of catalyst, 
which is also evidenced by BET data of used catalyst in Table 4–2. After 1 h 
operation, total free surface of the Ni/Al2O3 decreased from 104 to 32 m2/g 
due to reduction of nanopores by blockage of deposited carbon and catalyst 
particle growth. While, the total free surface of Ni/BCC lightly reduced from 
350 to 339 m2/g, this is due to characteristic porosity of brown coal char. The 
results indicate that steam plays a very important factor to regenerate 
activity of the new catalyst by steam gasification of deposited carbon on 
catalysts and to significantly enhance the quality of product gas of woody 
biomass gasification.  
 
Table 4–2  
Properties of fresh catalysts and used catalysts 
BET surface area [m2/g] Catalyst 
Fresh Used 
Ni/Al2O3 104 32 
Ni/BCC 350 339 
 
Biomass carbon balance is illustrated in Figure 4.5 (b). It was carried 
out in a similar way as described in Chapter 3. The blank on the top of each 
bar can be considered as a percentage of the C_tar which was calculated by 
equation 3–5 in Chapter 3. 
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Fig. 4.5 Comparison of different catalysts and non–catalyst in the presence 
of steam: (a) gas yields and (b) biomass carbon balance (923 K, sv = 
10000 h-1, s/c =0.6) 
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It is different from the pyrolysis process, approximately 16.5% carbon 
in the fresh Ni/BCC catalyst was gasified in the presence of steam. Its 
percentage was defined by comparing between carbon in the fresh Ni/BCC 
catalyst and carbon in used Ni/BCC catalyst. In the presence of the Ni/BCC, 
biomass carbon conversion (C_gas) was calculated by subtraction between 
carbon of total product gas and conversion carbon of fresh Ni/BCC, which is 
mentioned on above. Using that method, we found that highest C_gas and 
lowest C_tar were achieved as 66 and 4.4% for Ni/BCC catalyst test, 
respectively, while the C_gas and C_tar obtained were only 59.9% and 7.4% 
for Ni/Al2O3 catalyst test, respectively. Biomass tar conversion obtained was 
approximately 88.9% in the Ni/BCC catalyst performing. The results 
indicate better catalyst activity for the Ni/BCC catalyst. The detailed 
mechanism for this high activity is unclear at the present, however, it can be 
explained that some of the following characteristics of the Ni/BCC catalyst 
might be associated with this activity: well distribution of nickel particles 
due to carbon functional group in brown coal, high porosity of the catalyst, 
mineral component. In addition, Tomita et al. [15] reported that in the 
presence of steam, tar might be absorbed on catalyst and then be gasified 
without forming soot. Even if carbon was formed on the catalyst surface, it 
could be easily gasified. He also found that the carbon deposited over nickel 
was rapidly gasified with hydrogen at 873 K by reaction 4–11 in Table 4–1 
[16]. This fact that can be observed both of CH4 and H2 yields are higher 
than that of using the Ni/A2O3 catalyst. 
4.3–4 Effect of Temperature on Catalytic Steam Reforming of Tar 
The reaction temperature is one of the most important factors that affect 
gas products, especially in catalytic steam gasification of biomass. As 
discussed in Chapter 3, the effect of temperature on nickel metallic size of 
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particles, it showed that catalyst temperature played an important role with 
increasing temperature the metallic nickel particle size increasing. In this 
section, gas yield is evaluated as a function of catalyst bed temperature for 
steam gasification of red pine wood was investigated.   
Figure 4.6 (a), (b), and (c) illustrates the gas yield from steam biomass 
gasification in a fluidized–bed gasifier with steam to carbon ratio (s/c = 0.6 
mol/mol), at a space velocity (sv) approximately 10000 h-1, and tar reforming  
temperatures of 873, 923, and 973 K for the Ni/BCC catalyst and 923 K for 
sand as a reference. For the Ni/BCC catalyst, the highest gas yield has been 
achieved at 923 K, however, the total product gas slightly decreased from 
91.9 to 80.5 mmol/g–sample daf which might be due to catalyst particle size 
growth from 11 to 26.5 after operation time of 100 min, and decreasing of a 
partial product gas from Ni/BCC char. This total gas yield is approximately 
four times higher than that of absence of the catalyst at 923 K (Figure 4.6 
(b)). In the presence of the Ni/BCC, The total product gas included biomass 
product gas and some of the gases from Ni/BCC gasification; Biomass 
carbon conversion with Ni/BCC and sand was estimated and compared, as 
shown in Figure 4.7. These satisfactory results can be explained by the good 
performance of the catalyst and gasification of partial Ni/BCC char in the 
presence of steam and CO2 according to the following reaction equations 
(Eqs. (4–4), (4–5), and (4–6)) in Table 4–1. 
It was considered that tarry materials were efficiently decomposed by the 
Ni/BCC catalyst. Figure 4.6(a), (b), and (c) shows that the gas yield 
increased by increasing temperature from 873 to 923 K, thus suggesting 
that tar decomposition can be controlled by chemical kinetics. At 873 K, the 
total gas yield decreased gradually from 46.7 to 33.6 mmol/g–sample daf, 
due to the same reasons mentioned in the case of 923 K.  
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Fig. 4.6 Effect of temperature on gas yield (sv = 10000 h-1, s/c=0.6 mol/mol) 
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At 973 K, the total gas yield decreased sharply from 64.5 to 33.2 
mmol/g–sample daf. Sufficient tar reforming is not only above reason but 
also due to nickel sintering at the high temperature of 973 K was 
realized; this was validated on the basis of the nickel particle size as high 
as 39.5 nm which was confirmed by X–ray measurement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7 Effect of temperature on red pine wood carbon balance (sv = 10000 
h-1, s/c=0.6 mol/mol) 
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Biomass carbon balance is illustrated in Figure 4.7.  A detailed 
carbon balance measurement could not be carried out because of 
difficulty in accurately estimating the tar yield in the fluidized–bed 
gasifier. However, We defined C_gas, C_char, C_coke and calculated 
C_tar: 
 C_tar = 100 - (C_ gas + C_char + C_coke).  In the absence of 
catalyst, C_coke was not observed at all, since coke formed from the 
carbon deposited on the catalyst surface. In the presence of the Ni/BCC 
catalyst, C_coke mixed the carbon in Ni/BCC char, and therefore, it was 
considered in the calculation of C–gas of biomass. In the presence of 
steam, there is some carbon in Ni/BCC gasified that was estimated on the 
basis of the difference carbon between the contents of fresh and used 
Ni/BCC catalyst. C_char yields were almost same in all cases 
(approximately 30.5%). This is because the char that accumulated in the 
fluidized–bed did not come in contact with the catalyst particles. In the 
case of catalytic tar decomposition, biomass carbon conversion (C_gas) 
was calculated by subtracting the carbon conversion of fresh Ni/BCC 
form the carbon conversion of the product gas. The amount of C_gas in 
the presence of the catalyst increased drastically when compared to that 
during the absence of the catalyst. The blank on the top of each bar in 
Figure 4.7 can be considered to represent the percentage of C_tar. In the 
case of sand, C_ tar was 39.6% and that in the case of Ni/BCC at 873, 923, 
and 973 K, C_ tar was 24.5, 4.4 and 12%, respectively. The results show 
that the performance of the Ni/BCC catalyst is optimum at 923 K, at 
which approximately 89.5% of biomass tar is reformed. In other words, 
the tar was decomposed in the presence of the Ni/BCC catalyst by the 
following equation Tar  →Catalyst  CO + H2 + CO2 + CH4 + C2H4 + light 
hydrocarbon and follow reaction pathway in Figure 4.3. For the visual tar, 
we can see Table 4–3 which provides a comparison of catalyst activity.  
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Table 4–3 
Tar observations from the absence of catalyst and the presence of Ni/BCC catalyst  
 Internal condenser  Tar trap Remarks 
The absence of catalyst 
 
Reactor temperature: 923 K  
space velocity: 10000 h-1  
Run time: 120 min 
s/c : 0.6 mol/mol 
 
 
 
 
 
 
 
 
 
 
 
 
- Heavy appear on the tar trap 
and condenser 
The presence of Ni/BCC 
catalyst 
 
Catalyst temperature: 923 K 
space velocity: 10000 h-1  
Run time: 120 min 
s/c : 0.6 mol/mol 
 
 
 
 
 
 
 
 
- a small accumulation of light 
brown tar in the tar trap 
- Heavy tar wasn’t on the 
internal condenser surface 
and tar traps. 
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4.3–5 Effect of Space Velocity on Gas Yields and Tar Reforming 
   Our study is aimed at reforming tar at a low temperature in the 
presence of Ni/BCC catalyst. Therefore it, is interesting to study the 
effect of space velocity on gas yield and tar yield at 873 K. Figure 4.8 (a, b, 
and c) exhibits the trends of gas yield and gas components (CO, CO2, H2, 
and CH4) for the Ni/BCC catalyst for an operation time of 80 min. As 
expected, the gas yield and stability increases with decreasing space 
velocity (increasing contacted time between tar and the catalyst).  
At the space velocity of 8000 h-1, the total product gas yield is quite 
high at the first operation time of 40 min, and then decreased sharply. 
The detailed reason for this deactivate is unclear at the present, however 
it can be supposed that some of the following reasons might be associated 
with this deactivate: decreasing of Ni/BCC gasification, catalyst particle 
growth, and short contacting time between tar and catalyst.  
At the space velocity of 12000 h-1, the total product gas yield slightly 
decreased, due to very short reaction time. Therefore, the product gas 
yields are low even at the first operation time of 20 min.   
The gas yield was highest and was slightly decreased from 78.5 to 
75.5 mmol/g–sample daf at space velocity of 4000 h-1. As discussed above, 
the product gas included some of gases from Ni/BCC gasification, during 
operation time this amount of gases decreased. Therefore the total 
product gas normally decreased. By observed gas component, it is 
interesting to note that the CO was constant in all cases but the CO2, H2 
and CH4 yield was highest at a space velocity approximately 4000 h-1. 
This suggests at a low temperature of 873 K with long reaction time is 
good condition for the following reactions (4-2, 4-7 and 4-8) in Table 4-1.          
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Fig. 4.8 Effect of space velocity on gas yield 
(a) sv = 4000 h-1, (b) sv = 8000 h-1, (c) sv = 12000 h-1 (873 K, s/c = 0.6 
mol/mol) 
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Biomass carbon balance is illustrated in Figure 4.9. It was carried 
out in a manner similar to that described in Section 4.3-4. The blank on 
the top of each bar can be considered to represent the percentage of C_tar. 
It is found that highest C_gas and lowest C_tar (66.5 and 5.83%, 
respectively) were achieved at a space velocity of 4000 h-1. C_char yields 
are almost the same in all cases (approximately 30.5%). Biomass tar 
conversion obtained was approximately 85.3% at the space velocity of 
4000 h-1. The results indicate that the catalyst activity for the Ni/BCC 
catalyst is optimum at the space velocity of 4000 h-1, and the catalyst–bed 
temperature as low as 873 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.9 Effect of space velocity on red pine wood carbon balance 
(823 K, s/c = 0.6 mol/mol) 
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4.3–6 Stability Tests of Catalyst in Fluidized–Bed Gasifer 
 
Ni/BCC catalyst available for pyrolysis and steam reforming was 
used to test tar reforming performance over reaction time. Figure 4.10 
exhibits the trend of gas composition (CO, CO2 H2 and CH4) for Ni/BCC 
catalyst for an operation time of 120 min at 923 K with the absence of 
steam and the presence of steam (s/c = 0.6 mol/mol). 
In the presence of steam, CO, CO2 and H2 yields are higher than 
those of pyrolysis, and activity is also more stable, while CH4 yield stays 
the same. Specifically, CO yield slightly decreased from 23.1 to 19.8 
mmol/g–sample daf for the first 40 min, and then kept stable under the 
presence of steam, while it drastically decreased from 19.7 to 11.8 
mmol/g–sample daf for the first 60 min without steam. H2 yield slightly 
decreased from 49.9 to 44.9 mmol/g–sample daf for the first 40 min, and 
then kept stable under the presence of steam; meanwhile, it gradually 
decreased from 27.4 to 16.6 mmol/g–sample daf during 120 min without 
steam. It can be assumed those reactions: steam reforming reactions (4–1, 
and 4–2), gasification reactions (4–4, 4–5, and 4–6), water–gas shift 
reaction (4–7) in Table 4–1 might occur readily with steam introduced. In 
the presence of steam, the CO2 yield is stable and two times higher than 
that of pyrolysis. It can also be explained by the water–gas shift reaction: 
CO + H2O ⇋ CO2 + H2. These results indicate that the evolution of volatile 
matter, the decomposition of tar and stable activity of Ni/BCC are greatly 
affected by the presence of steam under the current experimental 
conditions. 
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Fig. 4.10 Gas composition over reaction time, the Ni/BCC catalyst, and 
the reaction temperature of 923 K (Solid line: the presence of 
steam; Dash line: the absence of steam) 
 
4.4 SUMMARIES 
 
The nickel particles sizes of the Ni/BCC catalyst have shown a 
partial relation with flow rate of steam injection; the nickel particle size 
slightly grown, even at the catalyst weight loss as high as 17.4 to 27.3%.  
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For the first time, nickel loaded brown coal char prepared as a 
catalyst was investigated in the decomposition of tarry materials from 
woody biomass gasification in the fluidized–bed gasifier. The 
experimental results show the Ni/BCC catalyst having a good catalytic 
activity and stability in the presence of steam.  
In the Ni/BCC catalyst application with the presence of steam, the 
catalyst exhibited more activate than the conventional catalyst Ni/Al2O3.  
It was found that, catalyst has a good performance and stability at 
923 K. Approximately 89.5% of biomass tar was reformed to useful gas 
components (CO, H2, and CH4). 
Space velocity was found to have a profound influence on product 
gas yield and gas component. Higher gas yield and catalyst stability were 
observed at the space velocity of 4000 h-1 at 873 K.  
Steam has already proved to be a very important factor in 
regenerating the activity of catalyst and significantly enhances the 
quality of product gas of woody biomass gasification with the 
rich–hydrogen product gas. 
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Chapter 5  
Summary and Conclusions  
 
 
 
 
Nickel loaded brown coal char acts a new catalyst for decomposing 
tar of woody biomass gasification in a two–stage fixed–bed and a 
fluidized–bed gasifier has been investigated. With the advantages of 
catalytic steam reforming of tar is carry out at low temperatures. On the 
other hand, catalytic tar reforming methods have significant possibilities 
in low temperature gasification processing for high product gas quality. 
This dissertation is “Catalytic decomposition of biomass tars with nickel 
catalysts” attempt to a comprehensive knowledge for low temperature 
pyrolysis and gasification processes covering study of operation 
conditions that affect catalytic activity behaviors of nickel–loaded brown 
coal char catalyst. 
 
In chapter 1 the above mentioned general study of energy shares and 
demand in the world and a special case in developing countries 
(Vietnam); solution for energy sustainable and development; and 
requirement for the efficient use of biomass energy and the purpose of the 
present studies were discussed. 
 
In chapter 2 the background studies of some remarks of catalytic 
behaviors, nickel–based catalyst, and catalytic brown coal gasification 
were discussed. The study agreed that nickel–base catalysts are effective, 
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commercially available and relatively cheap. Catalytic brown coal 
gasification with nickel addition shows good activity in coal gasification.  
 
In chapter 3 the results show: there is a partial effect of raw coal 
particle sizes of 0.5 to 2 mm on metallic nickel particle size. Metallic 
nickel particle sizes seem to increase with decreasing Ni/BCC particle 
sizes. 
For the effect of pyrolysis temperature of raw Ni/BCC on the 
crystallite size of the nickel particle size, it is slightly affected by the 
temperature lower than 923 K, but great affected by the temperature 
higher than 973 K. 
Two–stage fixed–bed reactor has been identified as processing the 
good activity even at a low temperature of 923 K. 
The Ni/BCC catalyst could not perform as well as the Ni/Al2O3 
catalyst to decompose tar under pyrolysis process. However, the results 
show that both catalysts are good active to decompose tar from biomass 
pyrolysis at 923 K. 
       
In chapter 4 the nickel particles sizes of Ni/BCC catalyst have shown 
a little relation with flow rate of steam injection even catalyst weight loss 
as high as 17.4 to 27.3 %.  
The experimental results show the Ni/BCC catalyst having good 
catalytic activity and stability in the presence of steam at 923 K.  
In the catalyst application with the presence of steam, the Ni/BCC 
catalyst exhibited more activate than the conventional catalyst Ni/Al2O3.  
It was found that the Ni/BCC catalyst has a good performance and 
stability at 923 K. Approximately 89.5% of biomass tar was reformed to 
useful gas components (CO, H2, and CH4). 
Space velocity was found to have a profound influence on product gas 
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yields and gas components. Higher gas yield and catalyst stability were 
observed at the space velocity of 4000 h-1 at 873 K.  
Steam has already proved to be very important in regenerate 
reactivity of catalyst and steam reforming of tar and significantly 
enhance the quality of product gas of woody biomass gasification with the 
rich–hydrogen product gas. 
The results suggest that the Ni/BCC catalyst offers a potential to be 
used as a high activity catalyst for steam reforming of tar in biomass 
gasification. 
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学 位 論 文 の 要 旨 
Catalytic Decomposition of Biomass Tars with Nickel Catalysts 
（ニッケル触媒を用いたバイオマスタールの接触分解） 
 
             
 
 バイオマスの低温ガス化過程で生成されるタールは、装置の閉塞や腐食、プロセス全
体的効率低下の原因となり、ガスエンジンやガスタービンを活用する場合にも弊害となる。
そこで、高効率なタール分解法が求められており、本研究では安価で高効率なタール分
解触媒の開発および流動層連続ガス化における操作条件の影響を検討した。褐炭のイ
オン交換能を利用してニッケルを担持した Ni 担持褐炭チャーのタール分解活性を検討
したところ、極めて分解活性が高く、タール分を含まないバイオマス低温ガス化プロセス
の可能性が示された。 
バイオマスは一般に発熱量が低く、冷ガス効率を上げるためには低温でのガス化が望
ましい。しかしながら低温でのガス化では多量のタールが生成するため、タール分解技
術が必要となる。本研究ではタールを低温で効率良く分解し高効率なガス化プロセスを
開発するため、ニッケル触媒のタール分解活性を検討した。特に、安価な高活性触媒開
発のため、ニッケル担持褐炭チャーのタール分解効果を流動層式ガス化によって検証し
た。褐炭には豪州のヤルーン炭を用いた。ヤルーン炭は酸素含有量が多く、その一部は
イオン交換可能なカルボキシル基やフェノール基として存在する。本研究では、イオン交
換法を用いてニッケルを褐炭に担持した。Ni 担持褐炭を窒素中 928K で 90 分間熱分解
して、Ni 担持褐炭チャーを調製した。固定層 2 段反応器および連続式流動層ガス化装
置を用いて木質系バイオマスのガス化を行い、Ni 担持褐炭チャーのタール分解効果を
調べた。比較のため、市販の NI/Al2O3 触媒および触媒作用のない川砂を使用した。ガス
収率およびタール発生量に対するガス化温度、水蒸気量、空間速度およびガス化時間
の影響を検討した。川砂を用いた場合と比較すると、Ni 触媒を用いることによりガス収率
は飛躍的に増大し、タール生成は著しく減少することが分かった。また、Ni 担持褐炭チャ
ーのタール分解活性は高く、650℃の低温領域でタールのほとんどを分解できることが明
らかとなった。ガス生成組成はガス化条件に依存し、水蒸気分圧を高くするにつれて水
素濃度が高くなり、50%以上の水素濃度の生成ガスが得られることが分かった。水蒸気を
添加すると、炭素析出が抑制され、単なる熱分解条件下に比べて触媒寿命が長くなるこ
とを見いだした。 
以上、Ni 担持褐炭チャーを触媒として利用することにより、極めて高効率な低温バイオ
マスガス化法開発が期待できる。 
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